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(PNA), peptide nucleic acid; (TEA), triethylamine; (TFA), trifluoroactic acid; (TfOH), trifluorosulfonic acid; (TRIS), tris(hydroxymethyl)aminomethane-hydrochloric acid buffered saline; (XAC) General Resin Cleavage. Upon completion of PNA synthesis or solid phase coupling, the PNA-bound resin was transferred to a glass reaction vessel and washed with DCM, then TFA. The resin was swelled in TFA. The solvent was removed and a solution of m-cresol (150 µL), thioanisole (150 µL), TfOH (300 µL), and TFA (900 µL) was added and allowed to sit on the resin for 60 min. The solution was drained into a scintillation vial. This was repeated for a total of 3 washes, each time collecting the eluent in the scintillation vial. The pooled solution was concentrated, transferred to microfuge tubes, and precipitated using diethyl ether at a ratio of 1:10. The resulting flaky off-white solid was washed 3 times with diethyl ether and dried under vacuum. The resulting residue was diluted with 2:1 water:ACN and further purified on reversed phase HPLC.
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General Conjugation Procedures. The XAC ligand (N-(2-aminoethyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide, Sigma-Aldrich, St. Louis, MO, USA) was conjugated to the free amino moiety on the PNA oligomer scaffold via squaric acid. This was performed by one of two methods: 1) Resin containing 5 µmol PNA with a free amine was swelled with NMP for 1 h in a glass reaction vessel. Following this, the solvent was drained and replaced with fresh NMP (500 µL). To this, triethylamine (300 µmol, 60 equiv) and 3,4-diethoxy-3-cyclobutene-1,2-dione (150 µmol, 30 equiv) were added. The vessel was sealed and agitated for 3 h. The resin was then washed (2 x NMP, 2 x DCM, and 2 x NMP). A pre-dissolved solution containing XAC (100 µmol, 20 equiv), 1:9 DMSO:NMP and TEA (150 µmol, 30 equiv) was added to the resin. The vessel was sealed and agitated until completion. In general, A-type L-PNAs were reacted for 18 h, while B and C L-PNAs were allowed 36 h to couple. The resin was then washed as previous and then conjugated PNA was cleaved from the resin.
2) In a 2 mL Eppendorf tube, lyophilized cleaved PNA was dissolved in minimal 2:1 anhydrous DMSO:ethanol. To this, triethylamine (60 equiv) and 3,4-diethoxy-3-cyclobutene-1,2-dione (30 equiv) were added. The vessel was flushed with nitrogen, sealed, and agitated for 3 h. The solution was concentrated and the residue was washed with diethyl ether (3 x 2 mL), and dried under vacuum to obtain the squaric acid-conjugated PNA intermediate as an off-white solid. A solution of XAC (20 equiv), 2:1 anhydrous DMSO:ethanol, and triethylamine (30 equiv) was added to the squaric acidconjugated PNA intermediate. The vessel was flushed with nitrogen, sealed, and agitated until completion. In general, A-type L-PNAs were reacted for 18 h, while B and C L-PNAs were allowed 36 h to react. The solution was purified directly by reversed phase HPLC.
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General HPLC Purification. PNA and conjugated-PNA residues were purified by reversed-phase HPLC using a 10 x 250 mm Waters XBridge prep BEH130 C18 5µm reverse phase column on an Agilent 1200s HPLC. Wavelengths 220 nm, 260 nm, and 315 nm were monitored. The typical flow rate was 4 mL/min. HPLC solvents consisted of ACN:water (9:1) and 0.15% aqueous TFA.
PNA residues were purified using one of the following methods:
1) Thermostat at 35°C. Gradient hold at 0% ACN 0-2 min, 10% ACN at 5 min, 20% ACN at 20 min, then wash with 100% ACN for 5 min.
2) Thermostat at 35°C. Gradient hold 0% ACN 0-1.9 min, 10% ACN at 2 min, 35% ACN at 25 min, then wash with 100% ACN for 5 min.
3) Thermostat at 50°C. Gradient hold 0% ACN 0-1.9 min, 10% ACN at 2 min, 40% ACN at 35 min, then wash with 100% ACN for 5 min.
PNA Oligomer Structures and Characterization Data
Nomenclature: The individual L-PNAs are named in accordance with the nomenclature set out in the main text. Prior to the coupling of the ligand, the PNA oligomer bears a lower case designation. For example, the A-type L-PNA is referred to as PNA a to signify that it does not contain a ligand. Lyophilized PNA oligomers were dissolved in water. The absorbance of an aliquot was determined by UV-VIS spectroscopy after heating the sample for 5 min at 90°C. This was performed in triplicate.
Using the extinction coefficient of the analogous DNA oligomer obtained from Applied Biosystems (Life Technologies, Grand Island, NY), the concentration was determined.
General Annealing Condition for Formation of PNA:DNA or PNA:PNA Duplexes.
RNA/DNAase free microfuge tubes, PNA, DNA and TRIS buffer (pH 7.5) were combined at room temperature. The final TRIS buffer concentration was 100 mM. Equivalents of PNA were added based on the number or repeating 12-mer sequences in the DNA. For example, to generate PNA:DNA multi5, a 5:1 molar ratio of PNA:DNA was used. The solution was heated to 90°C, held for 5 min, then slowly allowed to cool down to 25°C over a period of 3 h.
LCMS Analysis of L-PNA:PNA Duplex
To confirm that the L-PNA:PNA complex was one species, and not an aggregate, mass spectrometry was utilized. Two complexes were analyzed and confirmed by this method: B2 P and B (6,10) 4 P .
The PNA-complexes were separated from the monomers by reversed phase HPLC using electrospray ionization mass spectrometry (ESI MS) as the detection method. The HPLC was a Waters 1525u operated at a flow rate of 200 µL per min. Solvent A was 1% acetonitrile in water with 0.2% formic acid and 0.1% TFA. Solvent B was methanol with 20% acetonitrile with 0.2% formic acid and 0.1% TFA. The elution program starts at 0% B and is increased to 100% B in 9 min and finally held for 3 min at 100% B. The HPLC column was a Bruker-Michrom PLRP-S column with internal diameter of 2.1 mm and a length of 150 cm.
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The ESI/MS was a Waters LCT Premiere operated in the positive ion V-mode. The ESI capillary voltage was 3.4KV. The multiple charged spectra were deconvoluted with MaxENT1. 
Experimental Procedures Cell cultures and membrane preparation
Chinese hamster ovary (CHO) cells stably expressing the recombinant hA 1 and hA 3 ARs, and HEK293 cells stably expressing the hA 2A AR were cultured in Dulbecco's modified Eagle medium (DMEM) and F12 (1:1) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 µmol/mL glutamine. In addition, 800 µg/mL geneticin was added to the A 2A media, while 500 µg/mL hygromycin was added to the A 1 and A 3 media. After harvesting, cells were homogenized and suspended in PBS. Cells were then centrifuged at 240 g for 5 min, and the pellet was Nonspecific binding was measured in the presence of 10 µM ZM241385.
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At the end of each time interval, the medium was removed and cells were washed two times with DPBS.
After washing, 0.5 ml 0.2 % EDTA solution was added to each well, and cells were incubated at 37 °C for 1 min. Following cell detachment, 0.5 ml medium was added to each well to neutralize the EDTA.
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The cell suspensions were transferred to polystyrene round-bottom BD Falcon tubes (BD, Franklin Lakes, NJ) and centrifuged for 5 min at 23 °C and 400×g. After centrifugation, the supernatant was discarded, and cells were washed with 2 ml PBS and centrifuged again at 23 °C and 400×g for 5 min.
After discarding the supernatant, cells were suspended in 0.3 ml PBS and analyzed by FCM.
The Atomic-scale, computer models of select PNA-duplexes were developed with the QUANTA (Accelrys) and CHARMM software programs. 50 The helical conformations were derived from the NMR solution structure of a gamma-methylated PNA-duplex 8-mer (PDB accession code: 2KVJ). 43 Except for the nitrogenous bases, topologies needed to be developed for all the other molecular components. These were derived from the "all27" set of topologies and parameters provided with the CHARMM program.
Finally, all models were energy minimized with CHARMM to eliminate atomic overlap and optimize the bond lengths and angles.
hA 2A AR model:
To have a more complete 3D structure of the hA 2A AR, we built a model using the Homology Modeling tool implemented in the MOE suite and the available crystallographic data for this receptor subtype.
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The model was based on the highest-resolution hA 2A AR crystal structure (PDB ID: 4EIY), 41 where the template for the missing IL3 (from Lys209 to Gly218) was another inactive-state hA 2A AR crystal structure (PDB ID: 3REY). 31 The intracellular C-terminal tail of the receptor (from Leu308 to Ser412)
was not modeled, due to the absence of a useful template. Previously published FRET studies showed that the C-term does not participate in the A 2A AR homodimerization, 45 therefore it seemed reasonable to exclude it from the modeling studies. The AMBER99 force field was used for protein modeling and the Protonate 3D methodology was used for protonation state assignment. The final model was refined through energy minimization until a RMS gradient of 0.1 kcal/mol Å. Model's stereochemical quality was checked using several tools (Ramachandran plot; backbone bond lengths, angles and dihedral plots;
clash contacts report; rotamers strain energy report) implemented in the MOE suite.
Molecular docking of XAC-linker at the hA 2A AR model:
The XAC-linker structure was built using the builder tool implemented in the MOE suite and subjected to energy minimization using the MMFF94x force field, until a RMS gradient of 0.05 kcal/mol Å.
Molecular docking of the ligand at the hA 2A AR model was performed by means of the Glide package part of the Schrödinger suite. 52 The docking site was defined using key residues in the binding pocket of the hA 2A AR model, namely Phe (EL2), Asn (6.55), Trp (6.48) and His (7.43), and a 30Å x 30Å x 30Å box was centered on those residues. Docking of ligand was performed in the rigid binding site using the SP (standard precision) protocol. The top scoring docking conformations were comparable with the crystal pose of XAC at the A 2A AR (3REY). 31 In particular, the main interactions observed in the crystal between the xanthine scaffold and the receptor were conserved, while the linker was pointing outside of the cavity making contacts with residues in EL2, such as Lys150, Lys153 and Gln157.
hA 2A AR homodimer model:
Homodimers were built starting from our hA 2A AR model and using the protein-protein docking tool of the ZDOCK server (ZDOCK 3.0.2).
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compatible with the nature of transmembrane proteins (i.e. excessive inclination or shift along the main axis between the two monomers) were discarded. For selected dimer poses, contact areas between two monomers were refined through energy minimization until a RMS gradient of 0.1 kcal/mol Å, using the AMBER99 forcefield implemented in the MOE suite.
Based on the monomers relative orientation we could identify, among the several reasonable poses returned by the software, two most populated clusters of dimers. The first cluster collected dimers with interface between TM5, TM6 and TM7, the second cluster dimers with interface between TM1, TM2
and helix 8. Both interfaces are comparable with some proposed through computational studies in a previous paper on A 2A AR homodimerization. 46 For the majority of the possible dimers, the distance between the binding sites of the two monomers was 30-40Å. Considering that the distance between monomers was quite comparable among different dimers and that an unambiguous identification of the functionally relevant interface is very difficult, we selected one representative dimer belonging to the first cluster as starting point for the following modeling of the A 2A AR homodimer-PNA duplex construct.
A 2A AR homodimer-PNA duplex construct:
To combine the models of the hA 2A AR homodimer and of the PNA duplex the following procedure was performed. A XAC-linker structure was placed in its docked conformation inside each hA 2A AR monomer forming the dimer model. Then, the PNA duplex model was manually placed in proximity of the extracellular side of the dimer and the terminal groups of each XAC-linker structure were connected to the PNA chain at positions 6 and 10. Finally, the construct geometry was refined by energy minimization using the software MOE and the Amber12:EHT force field, until a RMS gradient of 0.1 kcal/mol Å. During the minimization the hA 2A AR dimer and the XAC scaffolds were kept fixed, the linker chains were free to move and the PNA duplex was considered as a rigid body.
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MD Simulation of the Complex:
Molecular Dynamics simulation of the above-described complex was performed with the CHARMM program. 50 For this, the A 2A AR homodimer-PNA duplex construct was centered in a cubic cell with edges of 100.0 Å. The A 2A AR homodimer was embedded in a membrane bilayer of 200 1-palmytoil-2-oleoyl-sn-glycero-3-Phosphatidylcholine (POPC) lipid molecules. The initial coordinates for these were derived from an equilibrated patch provided by Klauda et al. 54 The remainder of the space was filled with 18,195 Tip3p water models, for at total of 92,136 atoms. With the cell subjected to periodic boundary conditions, and image-centering for the water and lipid molecules, the system was subjected to extensive energy minimization, and then heating and equilibration dynamics with the Langevin method. This was changed for the production dynamics, which was propagated under conditions of constant pressure (1 ATM) and temperature (300 K). This latter was achieved using the Langevinpiston/Hoover algorithms with the default parameters. The electrostatic and van der Waals interactions were attenuated to zero at 8.5 Å with the respective force-shift and shift functions. Since only the hydrogens of the water molecules were subjected to the SHAKE method, the time-step was set to 1.0 fs. of PNA and DNA were prepared in TRIS (100 mM) and added to the cuvette. After warming at 90°C
for 5 min, the cuvette was cooled at a rate of 1° per min. The absorbance at 260 nm was plotted versus temperature and curve fit to obtain melting temperatures.
Control Experiments
Compound IC 50 (nM)
XAC-miniPeg 210 ± 8
AcC1 D 0% at 10µM
AcC1 P 0% at 10µM
Chart S6. To ensure proper interpretation of the data, numerous control experiments were designed.
The XAC ligand was conjugated to mini-PEG in order to properly mimic the monovalent ligand. An acetylated C-type L-PNA ( Figure S19 ) was prepared and annealed to both DNA and PNA to form the corresponding complexes. No binding was observed. (12 24 base-pairs), the ligand content increases by a factor of two for each entry. In row 2, where the PNA backbone length increases from 23 (2436 base-pairs), the ligand content increases by a factor of 1.5 for each entry. In row 3, where the PNA backbone length increases from 34 (3648 basepairs), the ligand content increases by a factor of 1.33 for each entry.
P-Values for Complex Comparison
In order to assess the validity in comparing data sets, p-values were determined. These values were determined using Microsoft Excel. It is typically accepted that values < 0.05 are statistically significant, and values < 0.001 are statistically highly significant.
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Chart S11. P-values for L-PNA:DNA multivalent landscape. 
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Chart S12. P-values for linker spacing study. 
Modeling Membrane Proteins
Since the protein is mostly buried within the membrane, we model the interaction site as a cylinder whose dimensions are shown in Figure S23 . Only the topmost portion of the protein presents a surface to interact with the ligand. The membrane is mostly flat at the length scale of the PNA, hence the distribution of the proteins across the membrane surface can be considered two-dimensional. While the idealized protein surface is slightly elliptical, we model it's area as a circle whose diameter is σ p = 32.0Å with a binding pocket of diameter σ binding = 12.5Å.
We postulate that the only coordinated structures formed are monomers and dimers.
Higher-order oligomers may exist, but modeling is problematic since they can present themselves through many different local configurations, such as a linear chain or a globular cluster. Since these extended configurations require additional assumptions on the model, for the present work we restrict ourselves to these oligomerization states.
Each individual protein occupies an area of A p = πσ 2 p /4 over the surface of the membrane. The packing fraction, determined by the surface density ρ, is φ = A p ρ. This quantity Each distribution is assigned an energy proportional to the number of dimers. This dimerization energy h D contributes to the total energy of the system
At equilibrium, this contribution to the Boltzmann weight will favor particular PNA configurations over others, leading to a ligand-enhanced dimerization.
L-PNA:PNA complex
For this work we model only the L-PNA:PNA complex with 12 base-pairs and up to two sites for two mini-peg linkers (8-amino-3,6-dioxaoctanoic acid) and XAC to be attached.
These positions along PNA sequence are indexed as k 1 , k 2 for a B L-PNA system and simply k 1 for the A L-PNA system shown in Figure S25 . The L-PNA:PNA backbone is modeled as a rigid, all-atom structure with only center of mass translational and rotational degrees of freedom. The PNA duplex interacts with the membrane only through steric repulsion.
The location of the PNA duplex is parameterized by (z, α), where z is the height above the membrane and α is a vector of the three Euler angles.
The mpeg linkers themselves are modeled as self-avoiding walks. Starting at the contact site from the PNA backbone, the linker takes 13 steps of approximately 2.5Å at a random angle of no more than 120 • degrees measured from the previous step. The walk is rejected if any step comes within 3Å of either the PNA duplex or any previous step (excluding the most recent step). The PNA duplex is volume excluded from itself and the membrane. For each conformation (z, α) of the PNA duplex we sample a series of walks from the starting points of the linkers. In this way we can fully sample the geometric component of the linkers entropic contribution to the system. We assume a protein will bind to the ligand only if two conditions are met: the end point of the walk is within 5Å of the membrane and the binding pocket of a protein is present at that location. For a B L-PNA system, there are three situations for the endpoints of the linkers corresponding to the number of linkers found near the membrane. We denote the probability of each of these aggregate conformations as c 0 , c 1 , c 2 , corresponding to zero, one or two linkers in contact with the membrane respectively.
For each specific conformation in c 2 we need the additional measurement of the linkerlinker endpoint separation, p(r). Shown in Figure S26 , the linkers which start close along the chain sequence ∆k = |k 2 − k 1 | < 5 create a sharp peak at a small distance much less than 
Combining the ensembles
Since electrostatic effects are small, the dominant enthalpic interaction of the system will be the interaction of the ligand to the binding site of the protein and the dimerization of the proteins. We let the the strength of the monomeric interaction be J, while the interaction energy of two fully complexed ligands to a dimer be 2J +h B . Here h B is a cooperative binding energy reflecting any conformational changes to the binding sites in the dimeric state. For this work, we make the assumption that such allosteric effects are not present, hence we let h B = 0. A B L-PNA system will have three energy levels U L0 = 0, U L1 = J, U L2 = 2J. To complete a statistical mechanical description of the system we need the degeneracy of each state, i.e. the entropic contribution of each energy level codified in the density of states. To do this, we combine the ensembles of the protein distribution and the self-avoiding walks of the PNA-linkers. The model implicitly assumes that the two ensembles, the membrane proteins and the L-PNA:PNA, are separable. In addition, we only consider a single PNA duplex at one time.
When two linkers are in contact range of the membrane, the calculation requires us to consider the distribution of the membrane proteins to properly count the probability of both sites binding, see Figure 4a in the main text. The probability for the first linker to find a protein is proportional to φ. Given that a protein was found at the location of the first linker, S39 the probability for the second linker to be found at a distance r is modified by a factor of g(r, f D ). For a fixed dimer fraction f D , the probability P n that n linkers will bind is
P 1 = 2 [φ(1 − g(r, f D )φ)] p(r) dr (4)
remembering that p(r) is the probability that two linkers will find the membrane and be separated by a distance r and g(r; f D ) is the radial distribution of the proteins at a dimer fraction f D . If the linker separation distance is smaller than the protein diameter r < σ, at most only one protein can bind due to excluded volume. This is reflected in Equation 5
where g(r < σ) = 0 making this portion of the integral zero.
The density of states of a B L-PNA system for a particular protein ensemble g(r, f D ) is given by w 0 = c 0 + c 2 P 0 (6) w 1 = c 1 + c 2 P 1 (7)
From the density of states we can explicitly compute the partition function using the total 
The weighting parameters w n were determined by Monte-Carlo simulations. 
